The ability to track and report long-term outcomes, especially mortality, is essential for advancing clinical research. The purpose of this study was to present a framework for assessing the quality of mortality information in clinical research databases. Using the clinical data warehouse (CDW) at Columbia University Medical Center as a case study, we measured: 1) agreement in vital status between our institution's patient registration system and the U.S. Social Security Administration's Death Master File (DMF), 2) the proportion of patients marked as deceased according to the DMF records who had subsequent visits to our institution, and 3) the proportion of patients still living according to Columbia's CDW who were over 100 and 120 years of age. Of 33,295 deaths recorded in our institution's patient registration system, 13,167 (39.5%) did not exist in the DMF. Of 315,037 patients in our CDW who marked as deceased according to the DMF, 2.1% had a subsequent clinical encounter at our institution. The proportion of patients still living according to Columbia's CDW who were over 100 and 120 years of age was 43.6% and 43.1%, respectively. These measures may be useful to other clinical research investigators seeking to assess the quality of mortality data (1-4).
Introduction
The ability to track and report long-term outcomes is essential for advancing clinical research. Whether a subject is living or deceased is perhaps the most obvious and seemingly easy-to-measure outcome; however, many clinical research databases either lack patient mortality information or require extensive effort to collect this information and keep it up-to-date.
In the United States, there are two national resources that provide mortality information: the Social Security Administration's Death Master File (DMF), and the Centers for Disease Control's National Death Index (NDI). The DMF is updated weekly and is available as a bulk file that can be purchased at minimal cost (approximately $1,825, plus a fee for ongoing updates). The NDI is updated yearly and must be queried one name at a time, at a cost of $0.21 per name. Because of its lower bulk cost and timeliness of information, the DMF is more suitable for integration into institutional clinical data warehouses. However, unlike the NDI, the DMF does not contain cause-ofdeath information. Moreover, the completeness of data in the DMF is decreasing: in 2011, because of concerns about state vs. federal ownership of certain records in the DMF amidst public concerns over identity theft, the Social Security Administration expunged approximately 5% of the DMF's 89 million records and announced that about one million fewer records would be added each year Our institution, Columbia University Medical Center (CUMC), has a clinical data warehouse (CDW) containing information for over 4.5 million patients dating to 1988. The CDW contains death information from both the hospital's patient registration system as well as from the DMF. The quality of death information in institutional clinical research databases-and particularly the impact of the 2011 modifications to the DMF-has not been carefully examined (1, 2) . The purpose of this study was to present a framework for assessing the quality of mortality information in clinical research databases, using the CDW at CUMC as a case study.
Background
Collection of mortality data in the United States is a complex process (Figure 1 ). The U.S. Social Security Administration (SSA) began collecting data on deaths in 1962. SSA receives death data primarily from state reporting, families of the deceased, funeral homes and financial institutions.
As a result of a 1978 court case under the Freedom of Information Act, SSA is required to release its death information to the public. Known as the Death Master File (DMF), the publicly available information concerning the deceased includes: first and last name, date of birth, month and year of death, social security number, and whether the death has been verified or a death certificate has been observed. Prior to 2011, when the SSA removed state records from the DMF, the file also contained the last ZIP code of the person while living, and the ZIP code to which any lump sum death benefit was sent (5) . The SSA delivers the DMF for public distribution through the National Technical Information Service within the Department of Commerce.
The DMF information has been useful to researchers in many fields, including healthcare delivery, clinical research, and financial services, where it is used to prevent identity theft and tax fraud. Not surprisingly, because the DMF contains a vast number of social security numbers and is publicly available, the resource itself may be considered a risk in terms of facilitating identity theft and tax fraud. Due to these risks, the SSA determined in 2011 that records received from the states could not be redistributed. Approximately 5% of the DMF's 89 million records were removed, and since 2011, about 1 million fewer records have been added each year. Legislation was passed in 2013 to further restrict access to the DMF, requiring individuals and institutions to provide a legitimate business purpose or fraud prevention interest to receive DMF data (6). The Center for Disease Control has access to all state death information, with which they create the National Death Index. The National Death Index is the most accurate source for death information. Currently, it contains death information from the years 1979-2011. The NDI can be queried at a cost of $0.21 per name ($0.15 if cause of death information is excluded). This information is only available to medical researchers who complete the National Center for Health Statistics certification program. This program takes 2-3 months to complete and requires the recipient to have an Institutional Review Board-approved study. In reaction to the restrictions to the DMF, the NDI has attempted to improve the timeliness of data availability, making data available six months after the end of the year without cause of death information. For example, death data for 2013 were made available in June 2014, and the cause of death information should be available near the end of 2014. The dataset from 2012 had some issues and is not currently available, but should be soon in its entirety (7) .
Methods
The CDW was queried to find the following: the number of deaths per year 1870-2013, the number of births per year from 1870-2013, the number of patients dead that were born each year from 1870-2013, deaths according to the hospitals registration system, deaths according to the DMF, and the number of patients who had a visit at least one month after their date of death. From these queries we measured: 1) agreement in vital status between our institution's patient registration system and the DMF. Agreement was calculated by summing deaths from the DMF and deaths from the hospital registration system then subtracting the total number of deaths to find the intersection. This number was divided by deaths from the hospital registration system. Agreement was also calculated for each year 1988-2013.
2) The proportion of patients marked as deceased according to the DMF records who had subsequent visits to our institution was calculated for patients with visits one day after date of death, and at least 30 days after death.
3) The proportion of patients still living according to the CDW records who were over 100 and 120 years of age. To further understand the data we also queried the total number of patients in the CDW through December 31, 2013, the number of deceased patients, deceased from the DMF, and deceased from the institution's registration system.
Results
We found an agreement of 60.5% between our institution's registration system and the DMF, this was broken down by year, and it was found that there was significantly less agreement after 2011. There were 6,726 patients marked as deceased that had a subsequent visit to our institution, making up 2.1% of deaths according to the DMF. The SSA often is not supplied with the exact day of death, so to adjust for this the CDW was also queried to find the number of patients who had a visit at least 30 days after their date of death, the result was 6,290 (1.9%). 43.6% of patients 100 years or older were still living according to the CDW, and that number drops to 43.1% for patients over 120. 
Discussion
Without integrating data from outside sources, the mortality information in a healthcare delivery organization's clinical data warehouse may be extremely incomplete. We found that agreement and accuracy of the data were low, suggesting a lack of quality in the DMF data for the population our institution serves. If the DMF had perfect agreement we would expect 100% overlap between the deaths from the DMF and deaths recorded in the hospital. We found only 60.5% agreement, meaning only 60.5% of the deaths in the hospital were recorded in the DMF. This finding may be partially explained by the hospital receiving significantly fewer records after 2011, as can be seen in the year-by-year breakdown of deaths in Figure 2 . In 2012 and 2013, our data warehouse contained significantly fewer total deaths, and agreement plummeted to 17% and 13% agreement respectively. However, even if 2012 and 2013 data are excluded, we observed only 62% agreement overall. This result is lower than what has been reported in other studies. Hauser et al. found 82% agreement between the DMF and a cohort of known decedents (8). Huntington et al. found 94.7% agreement between the DMF and a random sample of Ohio deaths (9) . Newman et al. found 96.5% agreement between the DMF supplemented with state death records and in hospital deaths at a California hospital. Other studies have found similar results (10) (11) (12) (13) (14) .
Why are the results lower at our institution than others? It must be taken into consideration the size of our CDW, and that the time period covered is greater than these studies. CUMC also serves a predominantly minority population with a large amount of immigrants; these populations are known to have lower representation in the DMF (9, 12) .
What can be done to improve mortality data quality? Unfortunately there is no simple solution. We would recommend institutions follow the framework laid out in this paper to assess their data quality. Deaths in Registration System Only would like to obtain the highest data quality should use the National Death Index supplemented with the DMF until the full NDI becomes available each year. This is an expensive option. There were 4,121,480 patients currently living according to the CDW. A search of the NDI would cost $865,510.80 for just one year searched with cause of death, and would still cost $618,222.00 without the cause of death included. Access to the SSDI will add at the minimum $1,825 depending on which service is chosen. The other option would be to continue using the DMF despite its shortcomings. An algorithm could potentially be developed to estimate the true number deceased patients in the CDW (15) . Neither of these options serve medical researchers well, so it is vital that all who are in this field understand that the only real solution is new legislation (2) to either make the NDI more affordable and available in a timely manner by providing government funding, or to ease restrictions on the DMF and make all records, regardless of where they were obtained, accessible to medical researchers.
